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In this issue of Structure, Serdiuk et al. report the use of single-molecule force microscopy to establish a role
for phosphatidylethanolamine in promoting the native fold of lactose permease, thereby preventing it from
populating a functionally defective, nonnative conformation (Serdiuk et al., 2015).Topological orientation of protein trans-
membrane domains (TMDs) and extra-
membrane domains (EMDs) generally
follows the positive-inside rule (Nilsson
and von Heijne, 1990), where positively
charged (basic) amino acids in EMDs
play a dominant role in localizing EMDs
to the cytoplasmic side of the membrane.
Interaction between the membrane pro-
tein insertion machinery and the net
charge of EMDs is generally accepted as
the primary determinant of membrane
protein topological organization. TMD
orientation is considered fixed at the
time of initial protein folding and not sub-
ject to post-assembly changes. However,
systematic genetic alteration of mem-
brane lipid composition of Escherichia
coli uncovered a role for lipid-protein
interactions as a determinant of protein
organization (Bogdanov et al., 2014).
Purified lactose permease (LacY) of
E. coli, the paradigm for secondary
transporters throughout nature (Kaback,
2015), reconstituted in proteoliposomes
required a wild-type lipid composition
of zwitterionic phosphatidylethanolamine
(PE) and anionic phosphatidylglycerol
(PG) and cardiolipin to effect energy-
dependent lactose/H+ symport (Chen
and Wilson, 1984). In the absence of
PE, only energy-independent facilitated
transport at elevated concentrations of
lactose was observed. Viable strains of
E. coli completely lacking PE were used
to verify the in vivo dependence on
PE for LacY function (Bogdanov and
Dowhan, 1995).
The native TMD organization of LacY
also requires PE. LacY folds into two six
TMD a-helical bundles connected by a
relatively long EMD exposed to the cyto-
plasm (Figure 1A) (Guan et al., 2007).
When expressed in PE-lacking cells, the612 Structure 23, April 7, 2015 ª2015 ElsevieN-terminal bundle is inverted with respect
to the plane of the lipid bilayer and the
remaining C-terminal bundle (Figure 1B)
(Bogdanov et al., 2014). TMD VII, which
contains two Asp residues, and the cyto-
plasmic EMD between TMD VI and VII
are now exposed to the periplasm. The
ratio of native to inverted conformer
increases in a dose-dependent manner
as the PE content of cells is increased.
Remarkably, the two conformers are
fully interconvertible after LacY is initially
assembled in the absence or presence
of PE followed by an increase or decrease
in PE levels, respectively. Replication of
the steady state and dynamic post-
assembly dependence on PE in a proteo-
liposome system demonstrated a direct
lipid-protein interaction as the primary
determinant of topology independent
of other cellular factors (Vitrac et al.,
2013). Therefore, determination of mem-
brane protein topological organization
is a thermodynamically driven and dy-
namic process responsive to the lipid
environment.
Single-molecule force spectroscopy
(SMFS) has been used to follow the
unfolding pathway of single proteins.
A chemical denaturant is replaced by
mechanical force applied to the protein
attached to an atomic force microscopy
tip (Borgia et al., 2008). The pulling
force is proportional to the thermody-
namic barrier to protein unfolding,
thus allowing determination of energetic
parameters (Janovjak et al., 2008). The
externally applied mechanical force
allows (1) determination and mapping
of the intrinsic folding stability of protein
domains, (2) demonstration of the exis-
tence of unfolding barriers within proteins,
and (3) study of protein interdomain
cooperativity.r Ltd All rights reservedAlthough reversible unfolding has been
demonstrated for several membrane pro-
teins, in this issue of Structure, Serdiuk
et al. (2015) utilize SMFS for the first
time to determine the structural organi-
zation and intrinsic folding stability of
LacY domains as a function of its lipid
environment. The authors addressed
the following questions: (1) can the
lipid environment affect the mechanical
unfolding of LacY, (2) can LacY coexist
in multiple conformational states, (3)
do domains of LacY exhibit different
stabilities dependent on the lipid environ-
ment, and (4) is there an anomaly in
the unfolding of TMD VII that functions
as a molecular hinge promoting TMD
reorientation?
In proteoliposomes containing a native
75:25 ratio of zwitterionic (PE) to anionic
(PG) phospholipid, 95% of LacY mole-
cules displayed native topological and
5% were inverted (Figure 1) (Serdiuk
et al., 2015). In the presence of only PG,
LacY displayed a near 50:50 ratio of the
native to inverted topological conformer.
The 11 TMD organization of LacY assem-
bled without PE was confirmed by assign-
ing the lengths of the unfolding force
peaks. TMD VII was mapped as a flexible
domain allowing the independent folding/
unfolding of the flanking TMD bundles.
The N-terminal bundle is at a higher en-
ergy minimum in the absence versus
presence of PE. The unfolding probability
distribution was as expected for the
previously proposed inverted conformer
of LacY (Bogdanov et al., 2014). These
results represent an important inde-
pendent verification of the structural flex-
ibility of membrane proteins in response
to their lipid environment. The results
demonstrated that the probability of
LacY to adopt various topological states
Figure 1. Effect of Phosphatidylethanolamine and Phosphatidylglycerol on Structural
Segments of LacY
(A and B) Structural segments were mapped to the secondary structures of wild-type LacY in native (A)
and inverted (B) topologies. (A) Secondary structure model of LacY (PDB ID code 1PV7) mapped with
10 structural segments S1-S10 (native topology) and (B) with 11 structural segments S1-S4, S5*, S6*,
S6**, S7*, S8, S9, and S10 (inverted topology). TMD helices are labeled I-XII, cytoplasmic loops are labeled
C1-C5, and periplasmic loops are labeled P1-P6. Figure reproduced from Serdiuk et al. (2015) with
permission.
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Thus, a thermodynamic probabilistic
model of lipid-dependent topogenesis
(Bogdanov and Dowhan, 2012) is now
independently supported by the SMFS
experiments.
Several questions require further inves-
tigation. SMFS showed a 50:50 ratio of
the two conformers in PG, whereas the
previous results showed all LacY in the
inverted conformation (Bogdanov et al.,
2014). This difference appears to be due
to differences in the ratio of lipid to protein
employed during reconstitution of LacY.
Is the 5% of inverted conformer observedin the presence of PE also seen in cells?
Therefore, further investigation into the
reconstitution conditions is required.
The authors suggest an effect of anionic
lipids on the ionization state of Asp resi-
dues in TMD VII. Dowhan and coworkers
have also suggested such an affect as
well as the hydrophobicity of TMD VII
(Bogdanov et al., 2014). Only EMDs
containing a mixture of acidic and basic
amino acids are sensitive to the negative
charge density of the membrane surface
as determined by the ratio of PG to PE.
Basic residues are known to be dominant
over acidic residues as topological deter-Structure 23, April 7, 2015minants. Depletion of PE (increases nega-
tive charge density) possibly increases
the translocation potential of acidic resi-
dues in opposition to the positive-inside
rule, resulting in an inverted topology.
Increasing the positive charges in
EMDs of the N-terminal bundle prevents
inversion in PE-lacking membranes,
whereas increasing the negative charges
induces inversion in PE-containing
membranes. Increasing the hydrophobic-
ity of TMD VII by changing one Asp to Ile
prevents inversion in PE-lacking mem-
branes. However, increasing the number
of acidic residues in the EMDs drives
inversion of the modified LacY. Incorpo-
rating a role for lipids as a determinant
of TMD orientation is the basis for the
charge-balance rule (Bogdanov et al.,
2014) as an extension of the positive-
inside rule. Therefore, the interconvert-
ibility of conformers observed in vivo
and in vitro can be viewed as reversible
membrane protein unfolding/refolding
determined solely by the thermodynamics
of lipid-protein interactions (Bogdanov
et al., 2014). The effect of membrane lipid
composition on the apparent ionization
constant of acidic amino acids needs to
be addressed.
Membrane protein topological organi-
zation is not static but highly dynamic;
therefore, a subfraction of membrane
proteins may undergo significant lipid-
induced post-assembly changes in
their structural organization. There is an
increasing awareness of lipid require-
ments in support of protein structure
and function, with most studies done in
reconstituted settings with only obser-
vations being made without mechanistic
understanding. The results reported by
the authors provide information on the
energetics and stability of protein do-
mains as a function of the lipid environ-
ment, which is not easily obtained by
other methods. SMFS can now be used
to determine changes in the free-energy
landscape for charge replacement mu-
tants in EMDs and TMD VII of LacY as a
function of lipid environment. Such
quantification of the role of lipid-protein
interactions in determining protein organi-
zation adds an important dimension to
understanding the complex process of
membrane protein assembly and pro-
vides insight into the molecular basis for
diseases caused by misfolded and/or
misoriented membrane proteins.ª2015 Elsevier Ltd All rights reserved 613
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